Abstract Mougeotia (Zygnematales, Charophyta) first appeared in the plankton of Lake Kinneret in 1998. While initially rare, from 2004 onwards it was present in the plankton continuously, forming massive blooms in spring (2005, 2006, 2012) or in winter (2010), occasionally appearing in different morphological and life cycle forms. Mougeotia maintained its population under a wide range of water temperatures, nutrient concentrations, solar radiation, pH levels and stratification patterns, making it a highly versatile alga. In multiple regression, year and month as the only predictors explained 36% of the pattern of Mougeotia biomass. However, Mougeotia biomass could not be explained by any of the environmental parameters considered. Modeling the temporal dynamics of Mougeotia biomass using an autoregressive integrated moving average (ARIMA(1,0,0)) explained 56% of variability indicating that intraspecific factors (e.g., competition for nutrients or selfshading) may determine the dynamics of Mougeotia biomass. To explain the lack of relationships with the environmental parameters, we hypothesize that (1) Mougeotia possesses exceptional physiological plasticity and/or (2) Lake Kinneret may host two or more genetically distinct cryptic species of Mougeotia with different environmental niches. Both explanations may hinder any inference on Mougeotia-environment relationships and require confirmation by experimental work.
Introduction
Mougeotia Agardh 1824 is a genus of conjugating filamentous algae of the order Zygnematales, phylum Charophyta (previously allocated to Chlorophyta). The genus comprises 174 confirmed species (Guiry & Guiry, 2017) and is widespread in freshwater habitats worldwide (Johnson, 2011) . Traditionally, the genus Mougeotia was considered primarily benthic and periphytic as it is common in small streams, ditches, on moist soil and at the margins of small ponds and upland areas of lakes, often forming mats of filamentous masses that cover surfaces and may get swept to the plankton (Transeau, 1926; Mills & Schindler, 1986; Turner et al., 1987; Johnson, 2011) . Other studies indicate that Mougeotia is also planktonic, common in a range of deep stratified lakes, mostly but not exclusively in oligotrophic lakes or in lakes undergoing re-oligotrophication (Tapolczai et al., 2015) . Examples from Europe include the subalpine lakes Garda, (Salmaso, 2000 (Salmaso, , 2010 , Geneva (Anneville & Pelletire, 2000) , Maggiore (Morabito et al., 2002) , Como, Iseo (Garibaldi et al., 2003) and Constance (Sommer, 1986) . Mougeotia was also reported from the deep oligotrophic subtropical Lake Fuxian in China (Zhang et al., 2007) , Crater Lake in California (McIntire et al., 2007) , deep meromictic tropical Lake Malawi in the Africa (Hecky & Kling, 1987) and meso-eutrophic Lake Kinneret in Israel (Zohary et al., 2014b) . Furthermore, Mougeotia is one of the most common bloom-forming algae in acidic waters of Europe and North America and is considered an indicator for acidification (Graham et al., 1996a, b) . Reynolds (1997 Reynolds ( , 2006 allocated planktonic Mougeotia to the Functional Group T of species that can cope with low light conditions and are sensitive to nutrient deficiency, and thus are typical of deep, wellmixed epilimnia. Tapolczai et al. (2015) suggested that Mougeotia dominates in the plankton of lakes undergoing re-oligotrophication when annual mean total phosphorus concentrations fall below 20 lg l -1 . Tapolczai et al. (2015) further reported that an earlier appearance of Mougeotia in the plankton was associated with a more intense bloom that year compared to a year when Mougeotia's first appearance was delayed.
Mougeotia was first recorded in the plankton of Lake Kinneret in May 1998. Beforehand, covering initial investigations of the Kinneret phytoplankton in the 1950s, followed by nearly four decades of intensive monitoring from the early 1960s onwards, neither Mougeotia nor any other filamentous green alga was ever recorded (Komarovsky, 1959; Pollingher, 1978; Zohary et al., 2014b) . While initially quite rare, after 2004 Mougeotia was present in the water column most of the time, occasionally forming massive blooms that constituted a nuisance because they clogged fishermen's nets.
Starting with the first appearance of Mougeotia, the spatial and temporal patterns of its abundance and morphology were routinely monitored. Life cycle forms, morphological variants and physiological capabilities were recorded. Our objective was to understand the environmental conditions supporting Mougeotia growth and bloom formation in Lake Kinneret. Key-questions addressed were: Does Mougeotia abundance show a repetitive seasonal pattern? Does it show a long-term trend? How are those patterns related to environmental parameters? To answer these questions, we analyzed a long-term (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) record of Mougeotia biomass and environmental parameters from Lake Kinneret, applying three different approaches of multiple regression analyses.
Methods

Study site
Lake Kinneret (32°50 0 N, 35°35 0 E; altitude 210 m below sea level) is a warm monomictic, mesoeutrophic lake in northern Israel, 168 km 2 in area, with a maximum depth of 41.7 m and a mean depth of 25.6 m (Berman et al., 2014) . The lake stratifies between March and April, with a thermocline at 15-20 m during most of summer and autumn and a well-mixed epilimnion (Imberger & Marti, 2014) . Turnover takes place late in December or early January. Detailed information about the lake, its physical processes, biogeochemical cycles, biota, food web and its management are summarized in Zohary et al. (2014a) .
Sampling
Water samples for phytoplankton and chemical analyses were collected at one-or two-week intervals from 6 to 10 discrete depths spanning the upper mixed layer at the deepest part of Lake Kinneret (Station A, 40 m depth). Sampling was part of an ongoing monitoring program initiated in 1969 and always took place between 08:30 and 10:30 am. Phytoplankton samples were preserved on board in Lugol's solution. Samples for chemical analyses were stored on ice and brought to the laboratory for immediate processing.
Microscope analyses
Cell counts
Mougeotia filament and cell abundance were estimated for each of the discrete-depth samples, as part of the routine monitoring of phytoplankton species composition and biomass (Zohary et al., 2014b) , by the inverted microscope method (Utermöhl, 1931; Lund et al., 1958) as detailed by Zohary (2004) . Specifically, 10 ml of Lugol-preserved sample were sedimented overnight in a sedimentation chamber, and afterward the chamber floor was examined using a Zeiss Axiovert M135 inverted microscope equipped with a DFK-41BF02 digital camera connected to a Mac computer. Using PlanktoMetrix, a proprietary software package for counting and sizing plankton , Mougeotia cells (as well as cells of all other phytoplankton species) were counted in 45 fields of view at 9 200 magnification. For Mougeotia, the number of filaments and cells per filament was recorded. The discrete-depth data, based on 6-10 samples for each sampling date, were depth-integrated to the depth of the thermocline, and the result was then divided by the depth of integration to give mean values for the upper mixed layer of cells ml -1 , filaments ml
and cells per filament. Because the epilimnion of Lake Kinneret is generally well mixed, these discrete-depth samples are close to being 6-10 replicates, which served to greatly improve the counting accuracy.
Cell size measurements and biomass determinations
During 2004-2014, cell size measurements (width, length) were conducted separately from the cell counts on a single ''mix'' sample that was composed of 10 ml subsamples of the 6-10 discrete-depth samples for each sampling date. Fifty mL of the mix were placed in a sedimentation chamber for at least 40 h. For each ''mix'' sample, width and length of ten Mougeotia cells in ten different filaments were measured and their biovolume was computed according to the appropriate geometric shape (Hillebrand et al., 1999) by using PlanktoMetrix. Biomass data from those cell counts and size measurements for each date and depth were then depth-integrated and divided by the depth of integration to give a mean wet-weight biomass concentrations (mg l -1 ) for the upper mixed layer on each sampling date.
Over the last 2 years of the study, additional efforts were made to examine the depth distribution of Mougeotia size characteristics (cell width, length, volume). From January 1, 2015, cell size measurements were made on the Mougeotia filaments encountered during counting of the discrete-depth samples, replacing the measurements of ''mix'' samples. All Mougeotia parameters examined (cell diameter, cell length, cells per filament, cell abundance and biomass concentration) showed the same temporal pattern at all depths (data not shown). We concluded that averaged values for the upper mixed layer were representative for the entire water column on each sampling date and used only these data in the figures and the following statistical analyses.
Microscopist
From 1998 till the end of 2012 all microscope work was done by Tatiana Fishbein. Following her retirement, Alla Alster conducted all microscope analyses from January 2013 onward.
Culturing
To obtain a mono-algal culture of Mougeotia from Lake Kinneret, filaments were put on agar plates with 9 3 strength SCM medium (Moss, 1972) . After the filaments grew, single filaments were selectively picked, washed with sterile medium and put on fresh SCM-agar; this procedure was repeated several times until a mono-algal culture was obtained. This culture was transferred into liquid SCM medium and maintained under continuous light at 20°C. In the culture flasks, turbulence was created by a magnetic stirrer.
Species identification
In 2008, Dr. John Kinross of Napier University, Edinburgh, induced conjugation and formation of zygospores in a culture from Lake Kinneret and concluded it was a species of Mougeotia, not of Debarya, as previously misidentified (Zohary, 2004) . Subsequently John Hall from the New York Botanical Gardens used molecular tools to confirm the genus identification as Mougeotia, suggesting that the species could be M. gracillima (Hassall) Wittrock. Recently, Kaplan-Levy et al. (2016) amplified the rbcL gene and reconfirmed the genus identity as Mougeotia. The sequences were deposited at the NBCI GenBank (www.ncbi.nlm.nih.gov/genbank; accession numbers: KP698057, KP698058, KP698059). However, Kaplan-Levy et al. (2016) were unsuccessful in sequencing the rRNA small subunit and intragenic space (SSU-ITS). Thus, the species level identification remains unclear. For brevity, we refer to this alga as Mougeotia.
Physical and chemical data
Out of the physical and chemical parameters measured regularly at each sampling as part of the Lake Kinneret routine monitoring program , we selected a subset of parameters considered as potentially important for Mougeotia based on scientific knowledge. These parameters were shortwave radiation, thermocline depth, and mean 0-10 m values (representative of the epilimnion during stratification) of water temperature, pH, and concentrations of chloride (Cl), dissolved inorganic N (DIN = nitrate ? nitrite ? ammonium), dissolved organic N (DON), and total-P (TP). Temperature profiles were collected by an STD-12 Plus (Applied Microcystems) at each sampling, and pH was determined on board with a Greisinger pH meter and electrode (GMH 5530). Thermocline depth was determined from the temperature profiles according to Rimmer et al. (2011) . Global shortwave radiation was recorded with a Kipp & Zonen Delft BV shortwave radiometer CGI located on the lake shore (Ziv et al., 2014) . Chloride and nutrient concentrations were determined using standard methods (APHA, 2005) . The mean 0-10 m values were based on 11 measurements taken at 1 m intervals for temperature and on determinations on samples collected from 1, 3, 5 and 10 m for the chemical parameters.
Statistical analyses
Data preparation
All statistical analyses were conducted on a dataset of Mougeotia mean water column wet-weight biomass (mg l -1 ) and environmental parameters, organized at 2 week time intervals from June 2004 to December 2016. We excluded data from the previous 6 years ( May 1998 -May 2004 because during most of that period Mougeotia was not detected. The dataset was created from the long-term record, composed of both weekly and fortnightly data. Missing values for Mougeotia and for physical and chemical parameters were filled-in by linear interpolation when only a single or two consecutive values were missing. Less than 10% of the records were missing for all parameters, never more than two consecutive values, except for shortwave radiation. For the latter, there were two periods of missing data each spanning several months. In those cases, generalized additive modeling for shortwave radiation explaining 90% of variability was used for filling in missing values.
Multiple regression analysis
In order to gain an understanding of the factors likely to explain the dynamics of Mougeotia biomass, we applied a three-step analysis using different multiple regressions to model Mougeotia biomass dependent on parameters considered. All analyses were done in R 3.3.3 (R Core team, 2017) using packages mgcv, nlme and forecast. In the statistical analyses, Mougeotia biomass was modeled as a quasi-Poisson distribution to consider over-dispersion of data and that biomass data originated from cell count data. We multiplied biomass data by 10 and then rounded them to obtain integer values to fulfill modeling requirements. For the first multiple regression, we investigated the temporal pattern of Mougeotia biomass dependent on year, month and microscopist (i.e., the person conducting the microscope work). In the second multiple regression, we investigated the dependence of Mougeotia biomass on the selected set of physical and chemical variables and on microscopist. Our explanatory variables were: (a) the raw environmental parameters; (b) principal components derived by a principal component analysis (PCA) based on the above environmental parameters. In PCA, environmental parameters were standardized to zero mean and unit variance. Then, we applied each of these two multiple regression analyses twice: (1) with explanatory variables of the same sampling date as Mougeotia and (2) with a 2 week time lag (i.e., variables of the sampling date preceding that of Mougeotia). The latter model accounted for a possible delayed effect of environmental parameters on Mougeotia biomass.
In these first two multiple regression analyses, we used smoothers of parameters in generalized additive mixed modeling (GAMM). The advantage of GAMM over linear modeling is that nonlinear relationships can be modeled by fitting a curve (i.e., smoother) to the data; thus, GAMM is more flexible than linear or polynomial regression. In GAMM, smoothness was selected by cross-validation, and we used the setting gamma = 1.4 that reduces over-fitting of the smoother by putting a heavier penalty on each degree of freedom in the cross-validation process (Wood, 2006) . In GAMM, month was modeled as a cyclical cubic spline and we considered temporal autocorrelation. Please note, smoothers are centered around zero as a consequence of the numerical estimation procedure (Zuur, 2012) .
In the third multiple regression, we investigated the autoregressive characteristic of Mougeotia biomass by autoregressive integrated moving average (ARIMA). In ARIMA, the temporal pattern of Mougeotia biomass was modeled dependent on preceding values (i.e., autocorrelation) of Mougeotia; this approach allowed investigating an important aspect of population regulation such as density dependence of natural populations (Berryman, 2003) . The parameters in ARIMA were selected with the auto.arima function in package forecast (Hyndman & Khandakar, 2008; Hyndman et al., 2017) . A 2-week net replacement rate and equilibrium population density were estimated from ARIMA parameters according to Andow & Kiritani (2016) .
Results
Morphological features and life cycle forms of Kinneret Mougeotia
In Lake Kinneret, Mougeotia (Fig. 1a-d) usually appeared in short (1-6 cells), non-branching vegetative filaments, with 2-4 cells per filament being typical of periods of high abundance; single cell filaments were also common. Longer filaments of up to 20 cells were observed on rare occasions, usually when Mougeotia abundance was low. Cell diameter was 3.0-5.0 lm (median = 3.8 lm), and cell length was 25-120 lm (median = 60 lm; Fig. 1a ). On average, cells were 16 times longer than wide, but a large variability (5-40 times) was observed. Median cell volume computed as a cylinder was 700 lm 3 (range 250 and 1700 lm 3 ). These dimensions were based on the 5-95% of[ 2000 individual measurements made on cells sampled during 2006-2014. In spring 2015, a few giant filaments of Mougeotia (Fig. 1c) were found in the lake. The morphology of giant specimens examined under the microscope resembled that of the regular Mougeotia (Fig. 1a) , but their cell diameter (15-17 lm) was four times greater (Fig. 1c) than that of normal Mougeotia filaments. Those giant filaments were seen over a short time period and then disappeared. They were excluded from all further analyses.
In addition to size, the Kinneret Mougeotia showed other morphometric features indicatory of the genus including an evident symmetry about the longitudinal axis. The single chloroplast filled a third to three quarters of the cell length, leaving the far ends of the cell colorless (Fig. 1a, c) . The cross-wall connecting two cells was transparent and appeared under the light microscope as a dark ring (Fig. 1a, c) . A ribbonshaped chloroplast lied along the long axis of the cell. As typical for the genus, the chloroplast twisted to orient itself toward the light. Thus, the chloroplast could be seen in face view, edge view or twisted (Fig. 1a) . The nucleus lied at the center of the cell, beside the chloroplast and against the cell wall. A series of 4-6 pyrenoids (seen in Fig. 1a as elliptical green organelles) were distributed along the chloroplast. Polyphosphate bodies were often seen as large black spots (Fig. 1a) .
In laboratory cultures, Mougeotia filaments ( Fig. 1e-h ) grown on agar were much longer than in the lake populations, typically with several tens of cells per filament (Fig. 1f) . When grown in liquid medium with turbulence, one end of each filament attached to the wall of the Erlenmeyer flask (Fig. 1h) .
Life cycle forms other than vegetative cells typical of the Zygnematales were seen in the natural populations only on rare occasions. The formation of aplanospores (non-motile asexual spores) was observed as elongated thickening of the cell in its central part (Fig. 1d ). Aplanospores were seen on rare occasions in winter. Zygospores (sexual spores resulting from conjugation) were even more rare, observed in the lake only once in winter 2009 (Fig. 1b) . John Kinross at Napier University was able to induce conjugation of cells and zygospore formation in a culture of Mougeotia from Lake Kinneret (Fig. 1g) . Genuflexing, adjoining filaments that bend at the point of contact but without conjugation (Transeau, 1926) , was observed in those cultures (Fig. 1e) . Mougeotia filaments were noted for the first time in Lake Kinneret in May 1998 (Fig. 2) . From then and until June 14, 1998, the abundance of this alga, new to the plankton of Lake Kinneret, was around 300-800 cells ml Large year-to-year variability was characteristic of the Mougeotia biomass record, with exceptionally low biomass in 2007 and 2008, contrasting with particularly high biomass during most of 2010 (Figs. 2, 3a) . Biomass was relatively high in some years (2005, 2006, 2009, 2012, 2014) , whereas in others it was low (2004, 2011, 2013, 2015, 2016) . When Mougeotia biomass exceeded 2 mg l -1 , its contribution to total biomass usually exceeded 40% of total phytoplankton biomass. At the peak of the blooms of 2005 and 2010, its contribution to the total exceeded 80% (data not shown).
A seasonal pattern of Mougeotia biomass was much more evident than a long-term pattern (Fig. 3b) . Visual inspection indicated that biomass was lowest in January, increased to a maximum in April-May, remained fairly constant till July and then declined to low values in December. However, extreme outliers occurred, nearly at all times of year, with particularly high outlier values in winter (November-January), contrasting the low values falling within the interpercentile range at that time of year. Modeling Mougeotia biomass dependent on year as factor and month as a smoother and allowing for differences dependent on microscopist explained 36% of the variability ( Fig. 4 ; Table A supplementary material). Modeling year as a continuous variable implying a long-term trend led to nonsignificant results. The shape of the month smoother was not significantly different (P [ 0.05) for periods with different microscopists, and thus an effect of microscopist on the temporal pattern of Mougeotia biomass could be excluded. The smoother of month predicted lowest values in February, an increase in Mougeotia biomass from March to May and a decrease during the rest of Fig. 1 Mougeotia from Lake Kinneret (a-d): a typical filaments, with distinct ring-shaped cross-wall between adjacent cells, ribbon-shaped axial chloroplasts, twisted to maximize light capture, and a nucleus at the center, pushing the chloroplast to the side. (Fig. 4b) . Thus, visual inspection and statistical modeling provided similar results. Even though GAMM (Fig. 4a) seemed to capture well the temporal dynamics of Mougeotia biomass, the maximum values were always underestimated and 64% of the variability remained unexplained.
Mougeotia dependent on environmental parameters
During the 13 years of 2-week sampling, Mougeotia was not recorded in 14% of cases. When present, the majority (67%) of Mougeotia mean water column biomass data points fell between 0 and 0.2 mg l Mean biomass values were based on measurements on samples from 5 to 10 discrete depths within the upper mixed layer followed by depth integration and division by the depth of integration, to achieve a single concentration representative of the upper mixed layer for each sampling date. Heavy horizontal line indicates the median, the box encloses the values between the 25 and 75%, bars mark the 90 and 10%, and outliers are marked by points typically occurred over a wide range of ambient levels of all environmental parameters considered (Fig. 5) . Shortwave radiation levels in Lake Kinneret spanned 50-350 W m -2 ; Mougeotia was present at the entire range of those levels, with the highest biomass values ([ 3 mg l -1 ) tending to be at the higher levels of radiation, but not exclusively. Mougeotia biomass higher than 0.2 mg l -1 was more frequent when thermocline depth was between 15 and 20 m (typical of summer stratification), but exceptionally high Mougeotia biomass values were also recorded at thermocline depth of 28-29 m (occurring in fall when the thermocline deepens) and 40 m (during holomixis). Mougeotia biomass higher than 0.2 mg l -1
was clearly present at all ambient temperatures (14-31°C) and Cl (230-310 mg l -1 ), except the highest Cl levels ([ 290 mg l -1 ) which were also rare (3.4% of values). The frequency distributions of DON and pH levels at Kinneret had a typical Gaussian shape (not shown). The distribution of those parameters against Mougeotia biomass showed a similar pattern, with the majority of high Mougeotia biomass values at the central part of the parameter values and sloping at the sides, implying that Mougeotia biomass was probably unrelated to pH or DON. For DIN and TP, it was evident that many of the high levels of Mougeotia tended to concentrate at the low levels of those nutrients (which are also the most abundant levels found at Kinneret), but not exclusively. Mougeotia biomass spanned the entire range of DIN and TP levels.
In multiple regression with smoothers of the selected environmental predictors, the variability of biomass explained was only 13% for predictors of the same sampling date as Mougeotia (Fig. A Supplement  material) . For predictors of the preceding sampling date (i.e., sampled 2 weeks earlier than Mougeotia), the variability of biomass explained was similarly low, 16% (data not shown). Predictions of both models missed the biomass peaks of 2013-2016, whereas in 2007-2008 both models predicted peaks that did not exist and completely failed to predict the biomass peaks in 2014-2016. Considering these weaknesses, we discarded both models from further discussion. In the PCA with selected parameters, the first three principal components explained 72% of variability and were used as predictors for Mougeotia biomass. While no principal component was statistically significant when the components of the preceding sampling date (2-week lag) were used, only principal component 1 was statistically significant in the model with components corresponding to the sampling date of Mougeotia (no time lag); this model explained only 4% of variability. Principal component 1 was mainly correlated with shortwave radiation and thermocline depth showing a strong seasonal cycle in Lake Kinneret. Thus, the predicted values showed a cyclical behavior that was actually a misfit.
Finally, we applied ARIMA(1,0,0) that showed a good fit (R 2 = 0.56, P \ 0.001) to observed data (Fig. 6) . First-order autocorrelation was high (0.7), the 2-week net replacement rate was 0.42 mg l -1 and the equilibrium population was 1.75 mg l -1 .
Discussion
Mougeotia first appeared in Lake Kinneret in May 1998. Since 2004, it was a common component of the lake's phytoplankton. Its intensive blooms in 2005, 2006 , and 2010 led us to label this taxon invasive. Our long-term record provided an opportunity to explore the ecology of Mougeotia. A first step required verifying that the long-term dataset could be treated and analyzed as a single, reliable record. Long-term microscope-based phytoplankton records are susceptible to biases resulting from the succession of microscopists (Straile et al., 2013) . However, there is little ambiguity in Mougeotia morphology, no other species in Lake Kinneret looks like it, and thus it is relatively easy to identify under the microscope. Our analysis clarified that the single change in microscopist in January 2013 did not have an effect on Mougeotia temporal patterns. Thus, our long-term record of Mougeotia data could be safely used for statistical analyses and inference on taxon-environment relationships. The temporal pattern of Mougeotia biomass showed no long-term trend. It did show a seasonal cycle-that explained only 36% of the variability, leaving most of the variability unexplained. Furthermore, no relationship could be found between Mougeotia biomass and environmental parameters considered. We propose two hypotheses to explain this failure in modeling any environmental dependence: First, Mougeotia seems to be a species of exceptionally high physiological plasticity that thrives and even dominates under a wide range of environmental conditions. While being one of the most common bloom-forming algae in acidic waters of Europe and North America (Graham et al., 1996a; Klug & Fisher, 2000) , species of the genus Mougeotia are not limited to acidic conditions and actually grow well under neutral and slightly alkaline pH levels (Kennedy, 1976; Turner et al., 1991; Graham et al., 1996b) . Middleton & Frost (2014) further show that Mougeotia has a flexible stoichiometry that makes it versatile and adaptable to changing nutrient conditions. In their experiments, the mass-specific growth rate of Mougeotia was relatively invariant despite a wide range of N and P concentrations at the start of their experiments. The high adaptation capacity of Mougeotia to low-P environments is apparent from its tendency to proliferate in oligotrophic lakes and lakes undergoing re-oligotrophication (Tapolczai et al., 2015) . Mougeotia was further shown to be tolerant to elevated concentrations of heavy metals such as Zn and Al (Graham et al., 1996a; Klug & Fisher, 2000) , giving it a competitive advantage under conditions lethal to other algae. Furthermore, Mougeotia is a mixing-tolerant species favored by high frequency light fluctuations (Naselli-Flores, 2000) and low light conditions (Reynolds et al., 2002; Reynolds, 2006) , a situation occurring in autumn when day length shortens and thermocline depth deepens. Apart from the literature-based evidence of its adaptability to different extreme environments, Mougeotia from Lake Kinneret provided observational evidence of its high versatility. While the lake populations were obviously planktonic, the cultured filaments showed behavior typical of benthic or periphytic organisms when grown with mild turbulence. This indicates an apparent adaptation to both planktonic and benthic life strategies. Attached filaments of Mougeotia were reported from a diversity of habitats and climates as extreme as Antarctica (Hawes, 1989) . Furthermore, when growth is massive, Mougeotia forms thick mats (Transeau, 1926; Howell et al., 1990; Turner et al., 1995 , Johnson, 2011 . The diverse life strategies of Mougeotia fall in line with its worldwide distribution and ubiquitous nature, as periphyton adhering to plants or other substrates (Mills & Schindler, 1986 , Horner et al., 1990 , Danilov & Ekelund, 2001 , as benthos forming mats (Transeau, 1926; Johnson, 2011) or as plankton forming blooms (Tapolczai et al., 2015) . This vast physiological plasticity probably made it possible for Mougeotia to establish its population in Lake Kinneret, develop intense blooms and become one of the dominant biomass-contributing species. Still, this hypothesis on the plasticity of Kinneret Mougeotia needs to be tested in a series of laboratory experiments.
Our second hypothesis to explain the lack of an environmental dependence is that the filaments we identified by morphological characteristics and named ''Mougeotia'' might in fact belong to an assemblage of two or more cryptic species. Cryptic species are morphologically indistinguishable but are genetically distinct species, each adapted to different environmental conditions. The occurrence of cryptic species across terrestrial and aquatic groups of organisms is known to hinder the inference of species-environment relationships (Beheregaray & Caccone, 2007; Obertegger et al., 2012) . The appearance of ''giant'' filaments of Mougeotia in Lake Kinneret might support the hypothesis of presence of more than a single species. Mougeotia initially bloomed only in spring, but in 2009 it was abundant all autumn, and in 2010 it formed a major autumnal bloom extending into early winter 2011. It was capable of growing or at least maintaining its populations under the full range of environmental parameters encountered in the lake upper mixed layer. Thus, the versatile characteristic of Mougeotia might be related to the presence of cryptic species occurring in succession or with overlap. A similar pattern has been found for rotifers (Obertegger et al., 2014) and other algae (e.g., Amato et al., 2007; Fraser et al., 2009) . The hypothesis on a Mougeotia cryptic species complex requires confirmation using molecular tools. In fact, while the genus Mougeotia is widespread, its identification to species level is insufficient. Further studies within the context of integrative taxonomy (Schlick-Steiner et al., 2010) , combining classical (morphology based), molecular taxonomy and laboratory experiments are needed to identify Mougeotia from different environments to species level and ascertain whether cryptic species associations play a role. Generally, the topic of haplotype and species genetic diversity deserves more attention in plankton studies. A recent study on the diatom haplotypes linked their succession to different environmental conditions (Stoof-Leichsenring et al., 2012) . The hypothesis of vast phenotypic plasticity within a species is not in conflict with the cryptic species hypothesis, rather, the observed Mougeotia patterns might be related to a combination of both. Either way, Mougeotia showed an opportunistic behavior, taking advantage of growth opportunities.
The best prediction of the temporal patterns of Mougeotia biomass was obtained by applying an ARIMA(1,0,0) process. The first-order autocorrelation was smaller than 1, indicating direct density dependence. Density dependence relies on endogenous processes affecting growth rates. Factors such as intraspecific competition for nutrients (Borlestean et al., 2015) or temperature dependent metabolic rates (DeLong & Hanson, 2011 ) determine density dependence. We can only speculate which factor might be responsible for the seasonal and long-term dynamics of Mougeotia. Considering the scenario of a Mougeotia cryptic species complex, the observed density dependence would imply a mechanism valid for all of those species. The ARIMA model-derived values of 0.42 mg l -1 for a 2-week net replacement rate and 1.75 mg l -1 for equilibrium population biomass were quite low with respect to the biomass peaks found. The low value of equilibrium population may explain why the population declined sharply shortly after reaching those peaks: When the carryingcapacity was exceeded, the populations declined. Bratbak et al. (1993) showed that viruses had a major role in controlling the population of Emiliana huxleyi, a marine coccolithophore. Certain bacteria were shown to regulate the development of algal blooms (e.g., Mayali & Azam, 2004; Jung et al., 2010) . We propose that algal pathogens such as viruses and bacteria may have shaped the temporal dynamics of Mougeotia in Lake Kinneret. However, due to lack of relevant data, a role of pathogens was not considered in this study.
Abundance of grazers was not considered because we did not expect grazing to be a crucial factor. In laboratory grazing experiments, Knisely & Geller (1986) found that four species of zooplankton fed on other phytoplankton taxa but not on filaments of M. thylespora. Furthermore in Lake Geneva, M. gracillima was found to be non-edible for zooplankton (Anneville & Pelletier, 2000) . Garibaldi et al. (2003) also argued that the large filaments of Mougeotia are an unsuitable food for the larger herbivores of Lake Iseo, Italy.
In conclusion, density dependence was the main factor determining Mougeotia biomass. Key environmental factors such as light, temperature and nutrients, known to impact phytoplankton growth, played a minor role. Mougeotia showed incredible plasticity, being able to grow under a wide range of environmental conditions. These features enabled it to invade, establish, proliferate and dominate in Lake Kinneret; apparently, it is there to stay. The same features are likely to give Mougeotia competitive advantages elsewhere. We anticipate that with global changes, this opportunistic filamentous alga is likely to invade lakes worldwide where it may become a major biomass-contributing species.
